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outline
* remarks on SM extensions

* heavy particle expansions and DM interactions

* worked example: “wino” - like DM

* quarks in nucleons, nucleons in nuclei

effective field theory =“QM + relativity + calculus”

based largely on work with M.P. Solon PLB 707 539 (2012), and to appear
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interesting work I will not cover

e contact interaction dark matter

e derivative interaction dark matter

e factoring out astrophysics

* SUSY and model building

too many contributions to list here (apologies)
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in defense of simple models*

The Standard Model of
Particle Interactions

I II I

* sometimes simple models work
very well
(e.g. Standard Model higgs)
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* for present purposes, simple model
~ UV completion whose form is RG invariant
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* guidance into the unknown

neutrino mass problem

SM gauge symmetries allow dimension five operator
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- seesaw UV completion a simple guide to possible size of neutrino

Mass
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. . The Standard ﬁ\‘lf’,d"l of
* guidance into the unknown iy

I II II

dark matter problem

at very low energies, interactions with SM given
by contact interactions

Ly sy =X x{ chq (O) + c( )vuvyO(z)W ch)Oéo) + cg )vuv,,Og)W + ... }

01 = myda, 0y = (G,)’.

. . . 1
O =1 (v“‘@D”} - gg’"“’zl?) , A N

dQW(Gﬁﬁ)z -

to understand strength of coupling and to relate different processes,
need guidance from underlying interactions
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in defense of calculating

Naive dimensional estimates can be very wrong for some
basic numbers
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Large logarithms of QCD perturbation theory can cause
large effects

Given our present knowledge of SM, can now make robust
predictions for how BSM particles interact with, e.g., nuclei
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heavy particles

Universal interactions with heavy particles

——
@ L= (0, + gA° + ... )y
- hydrogen spectroscopy E,(H) = —%meoﬂ

- heavy meson transitions  F° 7P (/' =0v)=1+...

- DM interactions og(xN — xN) =7
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LHC: New physics may be heavy (compared to mw)

- in this regime, mw/M expansion becomes meaningful, universal behavior
emerges

- in SUSY language, pure bino/wino/higgsino scattering suppressed (no tree
level higgs exchange). This case becomes “generic” when M>>mwy

(Mi-M2 ~ mw not generic)

- heavy particle methods efficient in particular models (e.g. relic
abundance = mY = TeV for wino-like, higgsino-like DM)

- but applicable to general case where UV completion unspecified
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Standard Model anatomy of direct detection

Generic dark matter candidate described by extending SM by finite
number of particles in representations of SM gauge groups

As prototype, consider Lorentz-scalar, SU(2) electroweak multiplet

* M >~TeV from thermal relic abundance. M>>mWV : model-independent
analysis, predictive scattering cross section

* large gluon matrix element:
2 loop required for leading analysis
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®
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* Scattering on nucleon is completely
determined, up to controlled corrections

mw/M, AéCD/mi, mb/mW




Renormalization analysis required to sum
large logarithms

(n; 170 GeV

as(p)log " ~ as(1 GeV)log TGV

Multiple scales:

Consider effective theory at each scale:

? SM
Mo Universal to an
Py , DM + su@)-multiplet
TN ™ NN ™ TTUg e scenario
¢’S}Q O) 7u7 d? S? C? b7g A o
Mb s MU oo nalysis in low .
energy theory applies
ol Q=Y u.d, s, g to non-SU(2)-multiplet
AQED oo scenarios
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(EW symmetric) heavy DM effective theory:

Operator basis
Building blocks: ¢, (x), o*, Dy,,=D,—vv-D

Everything not forbidden is allowed:

%) - Di D4L UQ[DJBJWOM] - {Djx_a[DJBJWOéB]}
£¢:¢U{ZU‘D—C1W+028M3 + G2¢p SV +192CMm e
Wby, VP WHYTY, Tr(WPW ,5) Tr(va VP WHYW 1 5)
2 aff 2 o pB 2 af 2 e ]
R Ty VR 15y ¥ B A TS VE R CR e
e"PeW W oo e Py, Wo,oW oo e P Tr(W W oy )
+ 930241 16]\2’3 g —+ ggcj42 16?\4’3 . =+ 936243 16M’L§ £
e"P7 v, Tr(WoaW o)
s O |,
Lorentz invariance: co=c=1, cu=cp

=Through O(1/M3), heavy gauged scalar determined by 2

numbers (mass and “charge radius’), plus polarizabilities
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Standard model interactions

H'H QT Y Qr QLT Qr{t%, D, } Qryiv- DQr
g ey o + epg——

£¢,SM — Gb;{CH
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L pd0f "Gas 269 vat GG, 20 G Gor | o (6 @O0 G G
SAL T 16M3 A2 16M°3 SAL T 16M3 A 1603
+...}¢U.
Lorentz invariance: co = cx

All of these are suppressed by |/M
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Low energy theory

Operator basis
L::LQbo +£SM+£¢O,SM+---

Heavy neutral scalar:
82
Loy =Dy 0oy V-0 — = +(91m3}v_
@ ¢ ,QO{ 2M(Q:O) ( / W) ¢ Q=0

SM interactions:

1 k v v
Lopsn = m—scbm{ ) [05‘3}0% + 1y 0,0, 05" ] + 0y + & 0,0,057 } ..
%4

q

Convenient to choose basis of definite spin

01 = mydq. 0y = (GL)*
v v 1
Og)ﬂ =g (,Y{,MZDI/} ul/za) O§2),UJ _ —GAMAGAVA + Eg,ul/(Géﬁ)Z |
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Matching (H~mw)

quark operators

O, v _ | 1 0) L1 , Ty

ClU(W) =C _33_%] ) C1D(Mt) =C __37_% - ‘VtD‘ m] )

(2) [ 2 (2) [ 2 o Tt (3 + 61y + 227) § + "”‘:” = ¢ + ...
cip(pe) =C 3| cip(ue) =C 3 Vip| 3(1+ )3 : .-

gluon operators

+ + + '
(0) o) [ 1 344wy + 207
& () = C=40 [3m§+ 6(1+z)2 |~

@,y Q)| 32, e A2+ 3) 2z
¢ (i) 4 9 % mw 9(1 + x4)3 mw (1 + ;) = + + + ..
41227 — 36x} + 36x — 1207 + 3wy — 2) log T 833,5(—23 + 7x) log 2
9(It — 1)3 1+ T 9(:Ct — 1)3
~ 48x7 + 24x) — 104wy — 3537 + 207 + 13z, + 18 (
9(x? — 1)2(1 + ;) '
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Heavy particle Feynman rules simplify matching calculations

1 1 1
M= —g; / (dL) . ~+ — . ] i v, v, 117 (L)

— m#, + 10)?

electroweak polarizability*fensor

in background gluon field
Electroweak gauge invariance is immediate:

L,L,
vt lguu’ _(1_€)L2 — 2 ] = v +O(v- L)
— me /
crossed and uncrossed diagrams cancel

gluon Fock-Schwinger gauge (x.A=0) in dim.reg.:

iS) = 5+ [ i o) ——

+* [ () o)

+ ...

i4(q) i4(q2)

p—g1—m p—f1—g2—m
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Solution to RG equations

Oy = mydq. 0y = (G4,)’,
v 1 v 1
R e P e AN
d_ ) _ N d__ (s) _ (5) .(5)
dlog MO@ ;%J O dlog,uci j ji €
5 [0 0
o las(p)] (0) _ :
Spin 00 () = " (1) ! 0 | o
E[as(/it)] K / / /)
0 0 C Ut
(1) = & (1) = 2lym (1) = Y (112)) 52
: E[O‘S (2e)]
Spin 2:
Diagonalize anomalous dimension matrix o )
(familiar from PDF analysis) ( 9 _5\
22) _ Qs 5
As check, can evaluated spin-2 matrix elements at high Am 64 | _4
scale (spin-0 and spin-2 decoupled) _64 . _ 64 4%)

9
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Integrate out heavy quarks (Up=mp)

ey, W+ 51?? = a %

H—J
da a 4
(9 (1) = &0 (1) (1 iy, ﬁ) a0, [1 ra (11 + 10 ﬁ)] L O@)
3 i 3 3 o

0 ~(0 -
A (1) = &9 (1) + O(@?),

2 _ 4C~L my . _
o5 ) = 87 () = o heny ) +O(@),

2 ~(2 ~
D (1) = &2 (1) + O(a),

Contribution to gluon operators familiar from h—gg

Heavy quark mass scheme enters at higher order

Charm quark treated similarly (after running to mc)
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Spin - 0

Bk 1 1 1
v wivy v, 2 = v
NN = S5 = (ke = g ) 4y o

Spin-0 operators determine contributions to nucleon mass

= (1= 2m) O (VlmagalV) + 5 (NI(G V)

q

—9a;(1)

o ANIOS (W)IN) = ma £ (1)

0 0
(N|IOWIN) = my£1%,

q,

significant uncertainty in this quantity

T

mN(f@(L,) + f(o) ) & YN, meS(,O])V = (Xan — 2o) = X

My, + My
0 0
UM () LS B S A

™~

but NLO, NNLO corrections significant
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Spin - 2

Bk 1 1 1
v wivy v, 2 = v
NN = S5 = (ke = g ) 4y o

Spin-2 operators determine momentum fraction carried by
partons

, 1 , 9"
(VIO IN) = - (k= Lo ) 12
, 1 . g
NI08 IV = o (b = Comd ) £ )
p(GeV) | fi(w) £ W) W) oW
1.0 | 0.404(6) 0.217(4) 0.024(3) 0.36(1)
1.2 10.383(6) 0.208(4) 0.027(2) 0.38(1) [MSTW 0901.0002]
1.4 | 0.370(5) 0.202(4) 0.030(2) 0.40(1)

20) = [ dwalale. 0 + (o)
Approximate isospin symmetry:

IR =10, f=18, 18=19
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Numerical benchmark: low velocity, spin
independent cross section on nucleon

Consider result as a function of higgs boson mass
? /

Parameter Value
Vi ~ ()
Vi ~0
Vip ~ 1
My /Mg 0.49(13)
Mg /My 19.5(2.5)
>lat, 0.047(9) GeV
> lat 0.050(8) GeV
YN 0.064(7) GeV
>0 0.036(7) GeV
mw 80.4 GeV
My 172 GeV
mp 4.75 GeV
Me 1.4 GeV
muy 0.94 GeV
as(my) 0.118
ao(my) 0.0338
mp
Richard Hill University of Chicago

Cross section is completely
determined, given standard

model inputs
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o(cm?)

Numerical benchmark: low velocity, spin
independent cross section on nucleon

sample lattice inputs

N

- lat lat
10—46; ZT[N b ZS
10-47;
1074, baryon spectroscopy inputs
10—49_ ZT[N, ZO
100 120 140 160 180 200

mh(GeV)

4, .4

2

5 5
myy,

My, My,

2
o~ 122N ( L4 ) ~10~*cm? Previous estimates range over several
orders of magnitude, errors not specified
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Dark band: perturbative uncertainty
Light band: hadronic input uncertainty



Numerical benchmark: low velocity, spin
independent cross section on nucleon

sample lattice inputs

N

ZﬂNlat ] Zslat

ark band: perturbative uncertainty
Light band: hadronic input uncertainty

o(cm?)

baryon spectroscopy inputs

ZT[N, Z()

100 1200 | 140 160 180 200

D
5
5
)
5

Y~ ATLAS,CMS July 2012

Taams 1 1\’ . .
o~ 2N ( 4 ) ~107%cm?2 Previous estimates range over several

m2 m2 m2 . .
w w h orders of magnitude, errors not specified
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Strange quark scalar matrix element dependence

strange matrix element
(and correlated gluon
matrix element) a
prominent uncertainty

0 \'y'/ 100 200 | 300 400 500

2,(MeV)

e "

sample lattice inputs baryon spectroscopy inputs
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Nucleon matrix elements

- strange quark scalar matrix element the

subject of controversy

,2 S
—a— 0.063(11) [21]nf=2+1
3 e 0.032(25) [14] nj =2
3| = 0.012(*1%) [16] ny = 2
5 - 0.014(06) [17)n;=24+1+1
— . 0.048(15) [18]nf=2+1
B 0.009(22) [9]n; =2+1 =
sl | == 0.046(11) [20] ny =2+ 1 g
B N 11 () A - LYt S S -
0.023(40) [19]n;=2+1 o
£ — - 0.033(17) [13] ny = 241, SU(3) &
E e 0.036(*53) 23] nf=2+1
2 0.075(73) [24]np =2+1 10710 ¢ —p  ModdC  —=—=xmn
= 0.023(22) [25] ny =241, SU(3) ' ——xp ModdL  —==xn
£ 0.022(*3" [26] ny =241, SU(3)
5 ’—._9_1%4'6639_‘ [27] ng= 2+1, SU(B) 10-11 1 . 1 . 1 . 1 . I . I .
- —a— 0.053(19) present work 40 50 60 70 80 90 100
Yox (MeV)
A 0.043(11) lattice average (see text)
0.00 0.05 0.10 E”iS, Olive, Savage, PRD 77 065026 (2008)
Is
summary plot: Junnarkar and Walker-Loud, 1301.1114
lat lat
1046 z:7rN ’ z:s
My, + My 7 My, +m -
_ > U d _ _
ZWN = 5 <p‘ (UU + dd) ’p> ZO = T(p’(uu -+ dd — 238) ‘p> & 1047
5
(0) ) 5
—48
(f + f 7TN Mg 10
my f ————(Zan — Xo) = s
mu —|_ md 10_497 Z?TN, ZO
100 120 140 160 180 200
mu(GeV)

Hill, Solon, PLB 707 539 (2012)

- lattice results still noisy but converging on small value compared

traditional SU(3) Ch.PT.

(cf. Alarcon et al., 1209.2870)

- beneficial to also have lattice constraints on charm scalar matrix element

24
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Nuclear matrix elements

- simplest spin-independent, isospin-symmetric cross section uncontroversial

R**NLo/R™Lo (mw=100 GeV)

m? m?2 A*
OA,Z ~ T ZM,, + (A — Z)Mn|2 ~ - |Mp|2
- two-body and higher operators 5
break nucleon x nuclear factorization: |9
W&

can be significant when
cancellations occur, e.g., large isospin
violation

I
P1 /

p
N § 1 Cirigliano, Graesser, Ovanesyan, JHEP 1210 025 (2012)

P2 P2
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summary

* WIMP paradigm a plausible extension of the SM

* circa Feb 2013, we know things now we didn’t know then: (strong
indication of SM-like higgs, nothing else yet definitive from LHC)

* heavy particle methods essential tool for controlled computations

* illustrated with “wino”-like DM, extends to e.g., bino/wino/higgsino
and other SM extensions

* careful analysis necessary to robustly connect models and cross
sections, and to isolate universal behavior
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thanks for your
attention



28



Universal mass shift induced by EVVSB

—iX(p S\\M/’% M + /J\’L? T

NG )——2/ L1 [ b e L sw\] L oam
2 P) = —9> 2mL v (L +p) Lz_m‘%v 3 L2—m2Z LQ_m%/V L2

el

heavy particle Feynman rules

1
oM =¥(v-p=0)=amw {—5]2 + sin” ijj??}

6
Mgy — Mo—g) = a2Q*myy sin’ 7W +O(1/M) ~ (170 MeV)Q?

Different pole masses for each charge eigenstate in low-energy
theory (or residual mass terms)
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